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Abstract 
The influence of turbulence on the minimum ignition energy (MIE) and ignited flame characteristics is 
investigated for pulsed methane diffusion jets ignited by laser-induced plasma. The methane jet is injected in 
a volume of homogeneous and isotropic air turbulence without mean flow, with the level of turbulence being 
controlled independently. The study is carried out for a range of fuel jet ( Re jet ) Reynolds number, namely 
1000, 2000, and 3000, and a range of turbulent ( Re λ) Reynolds number, namely 0–207. The results show 
that the position of the maximum intensity of flame emission was randomly scattered due to the fact that 
the ignited flame is deflected from the nozzle axis by the turbulent velocity fluctuations. The effect is more 
profound at higher Re jet . The value of the MIE, determined according to 50% ignitibility of mixture, increases 
by a factor of 2 for an increase of Re λ from 0 to 207 and by a factor of 5 for an increase of Re jet from 1000 
to 3000. Two trends are observed on MIE with Re λ. For low Re λ, MIE is independent of Re λ. Past a critical 
value of Re λ, MIE increases as a linear function of Re λ. This transition occurs at critical values of Re λ,c = 
158, 197 and 202 for Re jet = 1000, 2000 and 3000, respectively. The mean value of MIE for ignition before and 
after transition is a linear function of Re jet . The difference between the mean value of MIE before transition 
and after transition is around 5 mJ for all considered Re jet . 
© 2016 by The Combustion Institute. Published by Elsevier Inc. 
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Modern low-NO x combustion systems for gas 
turbines and internal combustion engines run on 
lean and ultra-lean operating conditions in order 
to reduce fuel consumption and satisfy stringent 
emission regulations, but ignition may be an issue. lsevier Inc. 
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 he evolution of ignition methods from direct
ontact ignition, e.g. conventional spark plug,
o non-intrusive laser induced spark ignition has
ignificant technological challenges. An important
uantity for successful laser ignition is the min-
mum ignition energy (MIE), which depends on
ean flow and turbulence among other factors.
herefore, new understanding of MIE is necessary
or new combustion systems. 
Research on the effects of turbulence and equiv-
lence ratio on MIE and its transition in premixed
ir/fuel mixtures has been published [1–15] . Huang
t al. [4] measured the MIE of lean methane/air
ixtures in a large fan-stirred burner and found
hat MIE depends on turbulent intensity and there
s a change in behaviour with turbulent inten-
ity due to different combustion modes. Studies
5,6] found that MIE transition due to different
odes of turbulent combustion depends on a tur-
ulent Karlovitz number and a reaction zone Péclet
umber for different equivalence ratios. Recently,
ardin et al. [9,10] investigated MIE transition of 
ean turbulent premixed flames and concluded that
urbulence affected the hot kernel before the initia-
ion of chain-branching reactions. An observation
s that larger deposited energy is required to com-
ensate for high values of turbulent scalar dissipa-
ion and obtain a self-sustained flame. 
Mastorakos [16] reviewed ignition of turbu-
ent non-premixed flames and emphasised that the
tochastic local character of ignition is determined
y mixture fraction and Scalar Dissipation Rate
SDR) at the ignition location. DNS have shown
hat high reaction rate in transient fuel jets is asso-
iated with low values of SDR conditional on mix-
ure fraction [17] and the contribution of premixed
nd diffusion combustion to heat release rate is af-
ected by the local mixture fraction and SDR [18] . 
Few researches [19–21] have reported laser ig-
ition characteristics for diffusion flames. Phouc
t al. [20] reported laser ignition of a jet diffusion
ame and showed that the location of the optimum
ir/fuel ratio for successful ignition varies with the
ow conditions. Li et al. [21] investigated the effects
f equivalence ratio, flow rate and ignition position
n laser MIE and ignition probability and time, but
he effects of flow and turbulence on MIE transi-
ion were not reported for diffusion flames. 
Since the turbulent velocity fluctuations are
inked with mean velocity gradients, one challenge
s to identify how turbulence influences the MIE
ransition. Most ignition studies of premixed and
iffusion flames have studied the effect of turbu-
ence on the MIE and its transition in a mean flow
eld. 
A ‘box of turbulence’ facility that generates a
tationary volume of homogeneous and isotropic
urbulence (HIT) without mean flow provides an
pportunity to study turbulent ignition without the
ffect of the mean flow. Such a facility is used here
o evaluate the combined effects of fuel injectionPlease cite this article as: Y. Sung et al., Laser ignition 
in homogeneous isotropic turbulence without mean flow
http://dx.doi.org/10.1016/j.proci.2016.07.117 speed and surrounding HIT turbulence without
mean flow on laser ignition and flame character-
istics for a methane diffusion pulsed jet. Flame
visualisation evaluates flame location after ignition
and the influence of fuel flow and turbulence on
propagated flames. The MIE as function of fuel
injection rate and turbulent Reynolds numbers
is measured and its transition is compared to
previous measurements [6,10] . 
2. Experimental methods and conditions 
A schematic of the experimental set-up is shown
in Fig. 1 (a). The experimental arrangement com-
prised a ‘box of turbulence’ facility, which gen-
erated 3-D HIT without mean flow, a methane
injection system, a laser ignition system and an
imaging system. The ‘box of turbulence’ facility
is composed of 8 loudspeakers (20MC8A, Davis
Acoustics), placed at the vertices of a cube and
pointing towards the cube centre. The loudspeak-
ers are capped by perforated plates, which have
55 holes (6 mm diameter) that are arranged in a tri-
angular mesh pattern. The loudspeakers are driven
at 50 Hz with sinusoidal voltages and 8 sets of syn-
thetic jet arrays are formed. When the induced syn-
thetic jet array flows interact at the centre of the
cube, the mean flow is cancelled out while the gen-
erated turbulence is HIT. The level of turbulence
is adjustable by controlling the amplitude of the
loudspeaker driving voltage. Details of the ‘box of 
turbulence’ are described in [22–24] . Eight levels
of turbulence are considered in this study, as sum-
marised in Table 1 (turbulent velocity fluctuations,
u ,´ and corresponding turbulent Reynolds number,
Re λ). The inhomogeneity and anisotropy of turbu-
lence in all cases remained below 10%, as reported
in [22–24] and shown in Fig. 1 (b) and (c). 
Methane was selected as a gaseous fuel, since
its chemistry is well developed, and the experi-
mental results can assist the evaluation of igni-
tion models without uncertainties with the chem-
istry. The methane pulsed jet is injected within
the HIT flow field. The round nozzle, shown in
Fig. 1 (a), (inner diameter 2 mm, lip thickness
0.6 mm) is made of stainless steel. The nozzle tip
was positioned 25 mm below the geometrical cen-
tre of the cube in order to maximise the interaction
of the jet with the 50 mm 3 volume of HIT. There-
fore, the jet and the laser ignition point were inside
the HIT flow. Methane is supplied to the nozzle
through a solenoid valve (Series 9, Parker Hannifin)
with response time < 5 ms, located about 50 mm
upstream of the nozzle tip. The methane flow rate is
controlled by a metering valve (S series, Swagelok)
and the injection pressure is monitored by a pres-
sure transducer (IND series, RS). Fluctuations of 
the pulsed injection velocity were attenuated by a
cylindrical vessel (Sample Cylinder, Swagelok) with
a volume of 500 ml, which is considerably largerand flame characteristics of pulsed methane jets 
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Fig. 1. Schematic of (a) the experimental setup and the 
X–Y coordinate system at the nozzle exit and examples of 
the spatial distributions of (b) isotropy and (c) homogene- 
ity. Note the location of the nozzle exit on the coordinate 
system and the laser ignition (  ). 
 
 
 
 
 
 
 
 
 
 
 
Table 1 
Experimental conditions for turbulence characteristics. 
Flow → 1 2 3 4 5 6 7 8 
u ,´ rms (m/s) 0.12 0.2 0.29 0.38 0.45 0.53 0.62 0.7 
Re λ 115 132 154 180 192 207 231 250 than the injected volume. The injection velocity was
measured by one-component constant temperature
anemometer (DANTEC) 2 mm downstream of the
nozzle exit and the injection velocity was calibrated
as a function of the metering valve position. Three
injection velocities were considered, u jet = 8.4, 16.8
and 25.2 m/s with corresponding methane fuel in-
jection Reynolds numbers Re jet = 1000, 2000 and
3000 (kinematic gas viscosity ν = 1.1 × 10 −5 m 2 /s).
The fuel injection duration ( τ ) was 250 ms to match
the eddy turnover time of the ‘box of turbulence’,Please cite this article as: Y. Sung et al., Laser ignition
in homogeneous isotropic turbulence without mean flow
http://dx.doi.org/10.1016/j.proci.2016.07.117 which was around 200 ms for all cases. Flame imag- 
ing was fixed at 25 ms after the start of injection, so 
that the flame was sufficiently developed within the 
imaging region. The fixed imaging timing also of- 
fers a reference for the evaluation of the location 
of maximum flame luminosity. 
Laser-induced plasma is produced using a sin- 
gle pulse from a Q-switched Nd-YAG laser (Gem- 
ini PIV, New Wave Research) at a wavelength of 
532 nm, with a pulse duration of 5 ns and a maxi- 
mum energy per pulse of 120 mJ. The initially 5 mm 
diameter laser beam was focused with a 50 mm pos- 
itive lens at a position of x = 2 mm (radial di- 
rection) and y = 10 mm (axial direction) from the 
centre of the fuel injection nozzle exit. The vol- 
ume of energy deposition (VED) for the 50 mm 
focal length is 79,000 μm 3 . A laser power meter 
(FieldMaxII-TOP, Coherent) measured the inci- 
dent laser energy ( E 1 ) before the laser beam was 
focused and the transmitted energy ( E 2 ) after the 
laser-induced plasma spot. The absorbed energy 
( E 3 ) is calculated from the difference between E 1 
and E 2 . We selected the laser ignition location in 
the mixing layer of the pulsed jet in order to max- 
imise the influence of turbulence on ignition. It was 
guided by the measured temporal variation of mix- 
ture fraction and SDR in unsteady gaseous jets [25] , 
which has shown that locations close to the nozzle 
exit have high SDR conditional on mixture fraction 
for auto-ignition to occur. 
The visible luminosity of the diffusion pulsed 
flame was imaged by a PCO Sensicam QE CCD 
camera with exposure time of 1000 μs. The mag- 
nification of the imaging lens resulted to a spatial 
resolution of around 80 μm/pixel corresponding to 
112 × 81 mm 2 (1376 × 1040 pixels) on the xy plane 
( Fig. 1 (a)). 
The ‘box of turbulence’ was operated contin- 
uously through each measurement. A triggering 
signal activated the solenoid valve to inject the 
methane jet and 5 ms later the laser pulse generated 
the plasma spot that ignited the methane jet. The 
CCD camera then captured the image of the ignited 
flame or recorded the failure of ignition 20 ms af- 
ter each laser pulse. 200–500 images are obtained 
for each test case. The time delay of the laser pulse 
relative to the start of injection was selected, so that 
it was comparable to the Kolmogorov time scale of 
the surrounding turbulence (which is of the order 
of around 5 ms) and, therefore, the effect of turbu- 
lence can be noticeable on the flame kernel devel- 
opment, but not excessive so as to dilute the local 
fuel/air mixture beyond the flammability limit.  and flame characteristics of pulsed methane jets 
, Proceedings of the Combustion Institute (2016), 
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Fig. 2. Visual flame images with different fuel ( Re jet ) and turbulence ( Re λ) conditions. 
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 . Results and discussion 
.1. Flame characteristics with different fuel 
njection and turbulence conditions 
The effects of fuel injection ( Re jet ) and turbulent
 Re λ) Reynolds numbers on the visible (soot lumi-
osity) structure of methane jet flames are shown
n Fig. 2 . Three random images are displayed for
ach case. For injection in quiescent air, Re λ = 0,
rst row of Fig. 2 , the flames are longer and wider
t higher Re jet conditions. Also, as the fuel injec-
ion velocity ( u jet ) and Re jet increase, the methane
et diffusion flame becomes turbulent. The mean
isible flame length was calculated by image bina-
isation. A threshold value of 25% of the maxi-
um pixel intensity at each flame image was set.
ean visible lengths of 38, 58 and 61 mm were esti-
ated for Re jet = 1000, 2000 and 3000, respectively.
he condition of Re jet = 2000 can be a laminar–
urbulent transition regime (LTTR), as discussed
n [26] , though the pipe flow has a typical LTTR
f 2300–4000. The difference between jet and pipe
TTR is ascribed to an increased fluid kinematic
iscosity of the gas due to the generated heat re-
ease from combustion, which leads to increased
uid viscosity and decreased gas density [26] . The
ncreased u jet results in a longer visible flame and a
arger distance between the nozzle exit and the lu-
inous flame base. The effect of HIT can also be
een in Fig. 2 and increase of Re λ from 132 to 207
eads to flames with increasingly random, irregu-
ar shapes. This is not surprising as the increased
evel of turbulence promotes the instability at the
nterface between burned and unburned gas layers
f the flame front. The effect of turbulence is ac-
entuated for Re λ higher than 180, since the flame
ropagation depends on the turbulent interaction
etween the fuel jet and the entrained air at thePlease cite this article as: Y. Sung et al., Laser ignition 
in homogeneous isotropic turbulence without mean flow
http://dx.doi.org/10.1016/j.proci.2016.07.117 flame front. The highly contorted flames occur for
the condition of Re λ = 207 with Re jet = 3000. 
Figure 3 shows sequence of flame images, ob-
tained with a consumer camera (SM-G900F, Sam-
sung), with Re λ = 0 and Re λ = 180 for Re jet =
3000. The visible flame for Re λ = 0 is mainly lu-
minous yellow due to diffusion reaction that forms
soot. The visible flame for Re λ = 180 can be divided
into two distinguishable regions, a luminous yellow
diffusion region due to radiation from soot parti-
cles and a bluish premixed region associated with
chemiluminescent emissions from CH ∗ and C 2 ∗ ex-
cited radicals. The flame change between Re λ =
180 and 0 is due to the increased mixing between
fuel and air for Re λ = 180, which leads to igni-
tion of a partially premixed mixture bluish flame.
In addition, when the surrounding air turbulence
is present, the momentum of the fuel jet along the
axis of the nozzle is modified due to perturbations
of the surrounding air velocity fluctuations. The
flame, therefore, is deflected from the axis of the in-
jection nozzle and tends to become shorter due to
the high level of mixing, as shown in the second row
of Fig. 3. 
To investigate the influence of turbulence on
flame behaviour, scatter plots of the instantaneous
flame position associated with the maximum lu-
minosity intensity are highlighted in Fig. 4 for
different Re λ and Re jet . The presented flame images
in Fig. 2 and associated statistics in Fig. 4 are ob-
tained from many realisations at the fixed time of 
25 ms after the injection. Therefore, the quantified
randomness in Fig. 4 was due to the flame develop-
ment fluctuations. The scatter data correspond to
the location of the absolute maximum pixel inten-
sity and are obtained from visible instantaneous
flame images. The solid symbols in Fig. 4 represent
the images in Fig. 2 . Although the location of 
maximum flame luminosity can be affected byand flame characteristics of pulsed methane jets 
, Proceedings of the Combustion Institute (2016), 
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Fig. 3. Temporal sequence of visual flame images after a laser plasma ignition for Re jet = 3000 for Re λ = 0 and 180 
operating conditions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 turbulent transport of soot, the observed random-
ness of peak luminosity in Fig. 4 still demonstrates
the influence of the surrounding turbulence on
flame location. Since HIT without mean flow is
used, the flame is advected with equal probability
in all directions from the laser ignition position.
Therefore, the variability of flame location can
evaluate the effect of turbulence on flame spread-
ing. For every fuel injection condition from Re jet =
1000 to 3000, shown in Fig. 4 (a)–(c) respectively, el-
lipses from scatter-matrix analysis with 75% confi-
dence level show a similar tendency with increasing
Re λ. In Fig. 4 (a), the scatter data for Re λ = 0 are
concentrated in an ellipse of around 8 mm, because
the flames are developed along the axial streamline
(see Fig. 2 ). The ellipse dimension of the scatter
plots becomes larger with increasing Re λ from 132
to 207, since turbulence wrinkles the flame front
and the flame may propagate randomly. This tur-
bulent effect on the flame front position is more sig-
nificant with increasing Re jet , as shown in Fig. 4 (c)
for Re λ = 207 with Re jet = 3000 which has very wide
scatter plots with a dimension of around 25 mm. 
3.2. Laser ignition characteristics with different 
fuel injection and turbulence conditions 
The effects of Re jet and Re λ on laser ignition
of the methane pulsed jet are examined next. Even
though successful jet ignition and flame propaga-Please cite this article as: Y. Sung et al., Laser ignition
in homogeneous isotropic turbulence without mean flow
http://dx.doi.org/10.1016/j.proci.2016.07.117 tion depends on the location of the plasma spot, 
the currently fixed ignition location is adequate to 
evaluate the laser ignition characteristics for differ- 
ent Re jet and Re λ, based on previous work [19–21] . 
Figure 5 shows the transmitted energy ( E 2 ), ab- 
sorption energy ( E 3 = E 1 − E 2 ) and per cent of ab- 
sorption energy (%) as a function of the incident 
energy ( E 1 ) for 100% air breakdown. There is a lin- 
ear relationship between E 1 and E 3 values. Simi- 
lar curves have been reported previously [2] with 
various laser wavelengths and lens focal lengths. 
The threshold energy for air breakdown is around 
4.5 mJ, based on Fig. 5 , obtained with a lens fo- 
cal length (50 mm) for 100% air breakdown. This 
value is in good agreement with the observed value 
of 5 mJ for the same lens focal length (50 mm) [2] . 
Figure 6 shows a method to determinate the 
MIE, which depends on ignition probability, as a 
function of absorption energy. The MIE measure- 
ment procedure is according to [6,9] . The single 
laser pulse measurements were repeated 100 times 
in order to determine the ignitability. Successful ig- 
nition events were counted when the flame kernel 
develops a self-sustained flame. Therefore, the ig- 
nitability is defined as the ratio of successful igni- 
tion events over the total number of jet injections. 
As shown in Fig. 2 , propagating flames after igni- 
tion are recorded by the CCD camera to identify 
successful ignition events. The ignitability of the 
methane pulsed jets is an important parameter in  and flame characteristics of pulsed methane jets 
, Proceedings of the Combustion Institute (2016), 
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Fig. 4. Scatter plot of instantaneous flame front posi- 
tion corresponding to the maximum pixel intensity of the 
flames (a) Re jet = 1000 (b) Re jet = 2000 and (c) Re jet = 
3000. Solid symbols represent the flame images of #1, #2, 
and #3 as shown in Fig. 2 . 
o  
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Fig. 5. Transmitted energy ( E 2 ), absorption energy ( E 3 ), 
and per cent of absorption (%) versus incident energy ( E 1 ) 
for 100% air breakdown. 
Fig. 6. Determination of minimum ignition energy. 
(a) Effect of jet Re jet , injection in quiescent environment, 
(b) effect of environment turbulence Re λ, jet Re jet = 1000. 
 
 
 
 
 
 rder to find the MIE, and its value will depend
rimarily on the u jet and the level of turbulence for
 given laser ignition source and position, as con-
rmed in Fig. 6 (a) for different Re jet . For Re jet =
000, the ignitability increases rapidly with increas-
ng E 3 ; however, it deteriorates with an increase in
e jet . The value of MIE is determined at the level
f 50% ignitability and is 4.76, 13.04, and 23.23 mJPlease cite this article as: Y. Sung et al., Laser ignition 
in homogeneous isotropic turbulence without mean flow
http://dx.doi.org/10.1016/j.proci.2016.07.117 for Re jet = 1000, 2000 and 3000, respectively. This
may be explained by the relationship between ig-
nitability and SDR and mixture fraction at a given
ignition position. Previous measurements of scalar
statistics of a pulsed gas jet in a quiescent envi-
ronment have reported very high values of SDRand flame characteristics of pulsed methane jets 
, Proceedings of the Combustion Institute (2016), 
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Fig. 7. (a) Minimum ignition energy as a function of Re λ
for Re jet = 1000–3000, and (b) critical Re λ and mean MIE 
with Re jet . at the near nozzle region for auto-ignition to oc-
cur [25,27] . Therefore, the observed increase of the
value of MIE with the Re jet may be explained from
the increase of the corresponding local SDR at
the ignition location. Previous studies in premixed
methane/air mixtures [2,8,14] show U-shape curves
for the MIE versus equivalence ratio. For our study,
only fuel is injected initially in quiescent environ-
ment and the rate of air entrainment in the fuel jet
determines flame behaviour. The fuel jet may be-
come turbulent for high injection velocity ( Re jet =
3000), which then leads to higher SDR and, there-
fore, increased value of MIE. However, air entrain-
ment in the fuel jet is significantly affected when the
surrounding air is turbulent, which leads to large
modifications of the ignited turbulent flames, as ob-
served in Fig. 3. 
Figure 6 (b) shows that the turbulent velocity
fluctuations at the ignition location influence the
MIE, as well as the ignitability. The effect of in-
creasing Re λ on the MIE is similar to that of 
increasing Re jet in Fig. 6 (a). The MIE increases
from 4.76 at Re λ = 0 to 9.43 at Re λ = 207. This
trend is in good agreement with previous studies
[5,6,9,10] , although the MIE was measured in pre-
mixed methane/air mixtures. When Re λ increases,
the fuel jet is expected to have higher SDR [25,27] at
the ignition location, leading to an increase of the
MIE [9] . In this study, as opposed to [9] , the SDR
depends on the level of surrounding air turbulence,
while Re jet is constant. Therefore, the spatial decay
of air turbulence is negligible in this study, since
the loudspeakers ensured the level of HIT remains
the same at every position inside the ‘box of turbu-
lence’. Therefore, the measured values of MIE are
higher than those measured in [10] . 
The combined effect of Re jet and Re λ on the
MIE and its transition value is highlighted in
Fig. 7 . Figure 7 shows an increase of the value
of MIE with increasing Re λ. However, the MIE
changes with turbulence along two different lin-
ear slopes, as shown in Fig. 7 (a). For lower Re λ,
MIE has little dependence on Re λ. Then, past a
threshold Re λ, the slope of MIE with Re λ increases
considerably. This transition is marked by the ar-
rows with left (before transition) and right (after
transition) directions. The MIE transition depends
on Re jet and it occurs at critical values of Re λ,c =
158, 197 and 202 for Re jet = 1000, 2000 and 3000
respectively, as shown in Fig. 7 (b). Cardin et al.
[9] show that the critical values of u ´c are in the
range of 0.7–1.6 m/s for equivalence ratios of 0.58–
0.65. In this study, u ´c is in the range of 0.3–0.5 m/s
for Re jet = 1000–3000. The difference can be at-
tributed to the method for generating flow and tur-
bulence, as well as the volume of energy deposition
(VED) at the laser plasma. The range of VED is
from 2300 to 38,000 μm 3 for lens focal length from
75 to 150 mm in [9] and VED = 79,000 μm 3 for
50 mm focal length here. Since a higher VED leads
to an increase of the value of MIE and a decrease 
Please cite this article as: Y. Sung et al., Laser ignition
in homogeneous isotropic turbulence without mean flow
http://dx.doi.org/10.1016/j.proci.2016.07.117 of u ´c , based on the results of Cardin et al. [9] , the 
value of u ´c of this study is lower than their obser- 
vations. The mean value of MIE for ignition before 
and after the transition point has a linear relation- 
ship with Re jet , as shown in Fig. 7 (b). It is noted 
that the difference of the MIE values before and 
after transition is a constant value of about 5 mJ at 
each Re jet . 
The observed behaviour is in qualitative 
agreement with the findings of DNS results of 
Mastorakos et al. [17] in unsteady fuel jets and 
is supported by the conditional measurements of 
Scalar Dissipation Rate on mixture fraction in 
unsteady gaseous jets [25] , which indicate that the 
selected ignition location will not be favourable for 
laser ignition. 
4. Conclusions 
The combined effects of pulsed jet fuel injection 
( Re jet ) and surrounding air flow turbulence ( Re λ) 
Reynolds numbers on ignition and flame character- 
istics are investigated for pulsed methane diffusion 
jets ignited by laser plasma in a unique facility that 
ensures surrounding homogeneous and isotropic 
air turbulence without mean flow. The main results 
are summarised as follows:  and flame characteristics of pulsed methane jets 
, Proceedings of the Combustion Institute (2016), 
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 (1) The ignited flame propagates along the axis
of the nozzle in a quiescent air environment
and becomes increasingly random due to the
influence of surrounding air turbulence. This
effect is more profound with increasing Re jet .
(2) The value of MIE, determined according to
50% ignitibility of mixture, increases by a
factor of 2 for an increase of the Re λ from
0 to 207 and by a factor of 5 for an increase
of Re jet from 1000 to 3000. 
(3) MIE changes with Re λ along two trends. For
low Re λ, MIE is independent of Re λ. Past a
critical value of Re λ, MIE becomes a linear
function of Re λ. This is in good agreement
with previous studies of ignition of premixed
mixtures [5,6,9,10] . 
(4) The transition in the behaviour of MIE de-
pends on Re jet . The critical values are Re λ,c =
158, 197, and 202 for Re jet = 1000, 2000 and
3000, respectively. 
(5) The mean value of MIE for ignition before
and after transition is a linear function of 
Re jet . The difference between the mean value
of MIE before and after transition is con-
stant at about 5 mJ for the considered range
of jet Reynolds numbers. 
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